Time-resolved, pulsed excitation methods are widely used to deduce optoelectronic properties of semiconductors, including now also Halide Perovskites (HaPs), especially transport properties. However, as yet no evaluation of their amenability and justification for the use of the results for the above-noted purposes has been reported. To check if we can learn from pulsed measurement results about steadystate phototransport properties, we show here that, although pulsed measurements can be useful to extract information on the recombination kinetics of HaPs, great care should be taken. One issue is that no changes in the material are induced during or as a result of the excitation, and another one concerns in how far pulsed excitation-derived data can be used to find relevant steady-state parameters. To answer the latter question, we revisited pulsed excitation, and propose a novel way to compare between pulsed and steady state measurements at different excitation intensities. We performed steady-state photoconductivity and ambipolar diffusion length measurements, as well as pulsed TR-MC and TR-PL measurements as function of excitation intensity on the same samples of different MAPbI 3 thin films, and find good quasi-quantitative agreement between the results, explaining them with a generalized single level recombination model that describes the basic physics of phototransport of HaP absorbers.
I. Introduction
Analysis of experimental results, obtained using transient excitation methods, is often considered as equivalent to those obtained under steady-state conditions. Also in the very active field of halide perovskites, HaPs, it is assumed that the same recombination (and carrier transport) processes dominate in both types of excitations [1] [2] [3] [4] [5] [6] [7] . However, it remains unclear if the materials' electronic transport properties, deduced from the transient measurements, are indeed relevant for describing PV and LED behavior under steady-state conditions. Moreover, many studies have shown that strong light pulses can induce structural, morphological and electronic changes to an HaP, in some cases reversible 8 , but in others irreversible, which calls into question the validity and relevance of the conclusions drawn from non steady-state measurements [9] [10] [11] [12] [13] [14] [15] .
To examine the problem, we first survey the literature for the various electronic mobilities and carrier diffusion lengths, reported for HaPs. We distinguish between two types of measurement methods:
• Transient, using a pulsed light source, such as time-resolved photoluminescence (TRPL) 16 , Time-Resolved THz Spectroscopy 17 , Time of Flight (TOF) 18 and Time-Resolved Microwave Conductivity (TRMC) 19 , and
• Steady-state, such as Electron Beam-Induced Current (EBIC) 20 , Steady-State photoconductivity and Photocarrier Grating (SSPG) 21, 22 , Scanning Photocurrent Microscopy (SPCM) 23 , Space Charge-Limited Current (SCLC) 24 and (DC)Hall effect measurements 6 .
The most common, useful parameter that can be measured by, or extracted from one or more of the above-mentioned methods is the diffusion length of one or both of the electronic charge carrier types, electrons and holes. The principal parameter, extracted from transient measurements such as TRPL, is the radiative lifetime of the photoexcited carriers, τ rad , which is assumed to be the shortest one, i.e., the lifetime of the minority carriers 16 . For HaPs a wide variety of τ rad values can be found in the literature, ranging from several ns to a few μs. Moreover, although ideally τ rad should be measured under 1-sun equivalent excitation, as we will show later, such pulsed measurement is nearly impossible experimentally, and therefore usually τ rad is measured under different pulse energies (much higher than 1-sun equivalent intensities) and is often pulse intensity-and material-dependent, making it hard to compare results from different laboratories.
Although combining the two methodologies (transient and steady-state) is not trivial, due to the very different nature of the excitation involved, it has become common practice to use a combination of both type of methods to extract the experimentally unknown charge transport parameter (diffusion length, L, or mobility, ) for the HaPs. L and can be related via the 1-D diffusion equation and the Einstein relation as:
where is Boltzmann constant, T is the temperature and is the elementary charge. Figures 1 and   2 illustrate the differences in values between a direct measurement, to a derived using Eq.1 and a combination of two different methods (steady-state for the mobility + pulsed for the lifetime, or even pulsed measurements for both properties). They provide a summary of reported charge carrier diffusion lengths and mobilities (minority and/or majority carriers) for MAPbI 3 (MAPI) and MAPbBr 3 , respectively (for the complete list of references for these data, see the SI). While for MAPbBr 3 there are currently insufficient published data regarding directly-measured single crystal diffusion length and thin film mobility (steady-state or pulsed) to draw conclusions, it can be seen that for MAPI, the spread of values for the derived carrier diffusion lengths A trivial reason for the large spread in values could be of course the quality of the measured MAPI samples, which might differ between laboratories. However, while there surely is a variation between different samples in different laboratories, we rule out this reason on the ground that if that were indeed the main cause for the observed discrepancies, a similar spread (2-3 orders of magnitude) should be seen also in the measured, steady-state values, which is not the case. To further rule out that reason, we report below on results obtained with one set of samples for different types of measurements.
Another important parameter that is often extracted from transient measurements such as THz conductivity and time-of-flight, TOF, (electrical) measurements, is the electronic carrier mobility, 
II. Experimental and theoretical background
To try and understand the reasons leading to the large spreads of values, shown in Figures 1 and   2 , we choose to examine these results by adopting the following approach: we compare results from pulsed and steady-state experiments by expressing the incident photon irradiation in transient experiments in terms of the equivalent carrier generation rate, G eq , as if the pulsed incident photon flux would impinge on the sample continuously, as in steady-state, i.e., in units of
To do so, the incident photon flux (usually expressed in photons/cm 2 ) is divided by the sample` thickness (thus assuming a uniform spatial absorption profile, which is often justified for sub-μm HaP films) and further divided by the lifetime of the charge carrier, electron or hole, as measured in the specific experiment (assuming that the pulse duration is much smaller than the probed lifetime, a condition that is met in all pulsed lifetime measurements).
In experiments where pulsed excitation is used, the measured carrier decay kinetics can vary from 1-100s of ps in THz measurements 4, 7 to several or tens of µs in TRMC measurements 1, 19 .
These large differences in the charge carrier dynamics can be due to the very different pulse durations used for the excitation, ranging from fractions of ps in THz measurements 4, 7 to several ns in TRMC measurements. 1, 19 (An alternative, quick initial way to calculate G eq , prior to conducting the actual experiment, is to divide the incident photon flux by the pulse duration, used for each pulsed method, rather than the measured carrier lifetime; this will result in ~ 2-3 orders of magnitudes higher G eq values, but we find that the general trends remain similar). While each laboratory, specialized in pulsed pump-probe measurements, has its own pump-probe setup with specific power outputs and pulse durations, the qualitative order-of-magnitude differences between the methods, applied to various HaP samples, prepared in different laboratories, can be deduced by using a range of typical laser intensities and measured lifetimes. shown by the horizontal black line).
One of the major drawbacks of the pulsed methods is that usually strong light pulses are required to obtain good signal-to-noise ratios 4, 9 . As a result, as can be seen from Figure Note that the capture coefficient of the holes, C p , essentially describes the physical process of de-trapping of an electron, i.e., release of the trapped electron to the VB, leaving a hole in the recombination center and likewise for C n .
The model can be described by the following 3 equations:
We further recall that the common definition of the corresponding carrier lifetime is given by (see chapter 2 and 3 in Ref. 30 ):
and
We numerically solve the above equations simultaneously to obtain n, p and n r , using the fol- of the SI). Because direct determination of n or p under photoexcitation is experimentally not practical, often only the mobility-lifetime products, , of the majority carriers, holes in our case 22 , is measured via PC, and more rarely the product of the minority carriers (electrons in our case) is measured by SSPG, or by EBIC. By using the definitions of the lifetimes (Eqs., II4, II5, and Eq. II1), we also calculate the diffusion lengths. For simplicity, we assume that the mobilities are equal, µ n = µ p = 10 cm 2 /Vsec and independent of G-independent, as was found by Chen et al.
using photo-Hall measurements 6 , and plot the calculated carrier densities (p, n) and diffusion lengths (L p , L n ) as function of the generation rate, G, in Figure 4 . (We note that differences in the actual mobility values will only change the absolute values of L, so that the observed trends in Figures 4 will remain the same, and the only difference will be a shift up (lower mobility) or down (higher mobility) of the L-G curves in Figure 4b ). We divide the calculated results in Figure 4 into five regimes, each with a different power law dependence of the carrier concentration on the generation rate. We define these power law dependences as follows: ∝ and ∝ . For each regime, the variation of the carrier diffusion lengths with G is different. We note that this model can be generalized to any (HaP) sample, with varying recombination center density, , so that different capture coefficients, and , can be used to describe differences between the samples; also, while the regimes discussed below will be present, the boundaries between them will shift, depending on the used. Thus, Figure 4 can explain the different experimental results in the literature for HaP transport properties as function of G, as long as the translation of G from pulsed to steady-state measurements (G eq ) is done in the manner, detailed in the introduction.
How can we distinguish qualitatively between the five regimes, from low to high G values? To that end we use the relative densities of the charge carriers, n and p, with respect to the carrier densities in the recombination level, n r and p r (for details see section S2 of the SI). In this regime, the concentration of trapped electrons, increases so that it is not small compared to p r , but rather becomes comparable to . Since = + is constant, will start decreasing as G (and n r ) increase, and therefore τ n will increase with increasing G. We note that only in this "special" regime, the minority carrier diffusion length, L n in our case, will increase with increasing G. Based on this analysis we suggest that such a phenomenon was observed experimentally by Kedem et al. 32 for Br-based HaP solar cells, using the EBIC method. , we expect that it will be dominating for G > 10 25 [1/cm 3 sec]. In this regime, since the dominant recombination path is the bi-molecular radiative one, the lifetimes of the holes and electrons will be equal and will decrease as G increases (due to higher probability for recombination events as more e-h pairs are formed), and the PL intensity should increase substantially. We note here, however, that in the lower G regimes (here regimes 1-3), which are relevant for steady-state illumination conditions close to, or below 1 sun (the practical operating conditions for PV without concentration), radiative recombi-nation of electrons and holes in MAPI is a very low fraction of the total recombination events, 22 
≈ ↓
*we note that all up/down arrows apply to both and , and the carrier mobility is presumed to be G-independent. Table 1 summarizes the power law exponents and changes in the carrier diffusion lengths in each regime with increasing generation rate (for the derivations of the quantitative determination of and , see section S2 in the SI). As can be seen from the table, several combinations of and exponents are possible, depending on the G regime.
A very important conclusion can be drawn immediately from does not allow unique determination of the relevant G regime. Hence, the dominant recombination path cannot be determined, because for = 0.5 for example, regimes 2, 3 and 5 are possible, and without experimentally determining also , in the same G range in which the was determined (by SSPG or EBIC under illumination for example), the relevant G regime cannot be determined uniquely. Regimes 1 and 4 are exceptions, as exponents and of both the majority and minority carrier power density on the generation rate are the same for these two regimes. However, in regime 1 most recombination centers would be empty of minority carriers (electrons in the case we consider here) and therefore ≫ , while in regime 4 the carrier diffusion lengths should be roughly similar (up to the root-squared ratio of the mobilities), due to the fact that in this regime, ≅ , as explained above. In reality the transitions between the different regimes are not abrupt, but continuous, leading to experimental values of and (except in regime 3) that can be anywhere between 0.5 to 1. We note in passing that in practice, values lower than 0.5 are found for cases that cannot be described by the simplified single level model, considered here, as in cases where two or more types of recombination centers are active in the recombination process.
III. Experimental results and discussion
Having clarified the different recombination scenarios in our simple model, we turn now to our experimental results. We compare, in light of the trends shown in Figure 4 and Table I, Figure   4 , we conclude that these phototransport measurements were performed in regime 2, probably approaching regime 3 close to G~10 22 [1/cm 3 sec]. In contrast, the dependence on G for the steady-state phototransport-derived diffusion lengths of the holes and electrons in the e-MAPI films (Figure 5a , red) behave the same way: both decrease with increasing G. This suggests that
for the e-MAPI, the phototransport measurements were carried out in regime 5. If so, according to Figure 4 and table 1, we may conclude that for the e-MAPI, ≅ . The difference between the diffusion in the two cases is due to the higher mobility of the holes (note that in Figure 4 , we assumed that µ n = µ p = 10 cm 2 /Vsec). The ℎ ≈ 3 result in Figure 5a suggests that for the e-MAPI case, µ p = 9µ n . Support for our conjecture that in the e-MAPI samples we probe the charge carrier dynamics in regime 5, comes from our TRPL measurements. As shown in Figure 5b , the TRPL response is ~10 times larger in the e-MAPI samples than in the MAPI samples and supports the conclusion, derived from the steady-state phototransport measurements (Figure 5a) , that band-to-band radiative recombination is much more dominant for the e-MAPI sample than for the MAPI sample.
Another interesting observation from the TRPL result is that the e-MAPI TRPL lifetime (~10 ns) is lower by a factor of about ~50 than that of the solution-processed MAPI film (~500 ns). In spite of the significant differences between the TRPL lifetimes of the two samples, from the phototransport measurements we found that both types of films exhibit similar μτ products ( Second, while in transient TRPL measurement only the charge carriers, which undergo radiative band-to-band recombination, are probed, in phototransport measurements, these carriers are exactly the relatively fewer ones that do not contribute to the phototransport signal (or to the photocurrent in an operating solar cell under illumination) 36 . Therefore, the carrier lifetimes extracted from a single TRPL measurement are less, if at all relevant, to the standard operating conditions of MAPI as a light absorber in a solar cell device. Moreover, if we assume that the decay time is indeed the relevant time scale for charge carriers in the bands, we will also have to assume that the mobilities of the evaporated e-MAPI films is significantly higher than those of the MAPI. We ruled out this possibility by performing TRMC measurements, as shown in Fig- ure S1 in the SI.
The differences in the G eq values for the TRPL measurements shown in Figure 5b for the MAPI (G eq = (1.6 X 10 15 1/cm 3 ) / 500 ns = 3.3 X 10 21 1/cm 3 sec) and the e-MAPI sample (G eq = (1.6 X 10 
: typical (a) holes (filled squares) and electrons (hollow circles) diffusion lengths from SSPG and PC, as function of the generation rate, G, for solution-processed MAPI (black) and e-MAPI (red); (b) TRPL results, under 640 nm excitation and 770 nm detection, for MAPI (black) and e-MAPI (red); (c) holes (filled squares) and electrons (hollow circles) diffusion lengths for solution-processed MAPI (black) and e-MAPI (red) derived from TRMC measurements, as a function of G eq ; (d) TRPL response under different pulse energies for solution-processed MAPI.
It is now clear that the charge carrier dynamics, i.e. the lifetime of the minority carriers, probed using TRPL, is not necessarily the one that should be used to properly derive the value of L that is relevant for a device working in steady-state; thus, it need not be an indicator for the photoelectronic quality of HaP films. At the same time, according to our expectation from Figure 2 , the TRMC measurements can yield results under conditions closer to those of solar cell operation and, thus, should yield results that are similar to those from steady-state methods. Furthermore, as Figure 5a suggests that for solution-processed MAPI at G~10 22 1/cm 3 sec we approach regime 3, we set out to try and measure the carrier diffusion lengths beyond G~10 22 1/cm 3 sec by TRMC to look for the transition to regimes 4 or 5, predicted in Figure 4 . It is obvious that these regimes cannot be obtained by steady-state methods since the material will be structurally damaged or evaporate in the worst case 8, 11 and its electronic properties will drastically change 12, 13 .
TRMC results for MAPI and e-MAPI are shown in Figure 5c (although in that case the agreement was for a single value, rather than a trend with light intensity as we show here). However, although the trends in the phototransport measurements and the TRMC are similar, it can be seen that in our case, the diffusion length values obtained from the TRMC measurements are roughly 5-10 times higher than those measured in steady-state.
This discrepancy could arise from several factors such as:
(1) the exact value of the mobility of electrons and the holes is not known. As a first order approximation they were assumed to be equal and the values, used for plotting Figure 5c , were taken as half the sum of the mobilities (see Figure S1 and section S3 of the SI). This approximation is questionable, as the phototransport results suggests that for the e-MAPI, µ p = 9µ n ;
(2) several inherent differences between the two methods. While SSPG measures phototransport on a large length scale, i.e., across grain boundaries, TRMC is a local, non-contact Figure 5d and the dependence on the TRPL decays, as a function of excitation intensity, suggests that there is a change in the decay mechanism as the intensity is increased, switching from monomolecular recombination at low intensities, to bi-molecular recombination, at higher intensities (1/t to e -1/t t-dependence). This suggests that the TRPL measurements probe a transition from regime 3 to regime 4 in our MAPI sample, which is in agreement with the TRMC results (we could not repeat the same exercise for the e-MAPI films, since reaching G values in the range of 10
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-10 20 1/cm 3 sec would require excitation pulses with extremely low photon dose, yielding TRPL signals well below the sensitivity of our experimental setup).
Combining our steady-state and pulsed experimental results, we learn that the major difference between the solution-processed MAPI and the e-MAPI samples is the range of G values in which the crossover between regimes 3 to 4 occurs, where ≈ (which we term hereinafter as G co ). This transition occurs at G co ≈ 10 22 1/cm 3 sec for the solution-processed MAPI sample, but for the e-MAPI sample this transition is observed at G ≈ 10 20 1/cm 3 sec, suggesting that for e-MAPI, the concentration of recombination centers is much smaller than in the solutionprocessed MAPI samples.
To illustrate the difference in G co for the two types of samples, we performed simulations using the same parameters as in Figure 4 , but changed the concentration of the recombination centers, N r in the range of 10 11 -10 18 cm -3 , and extracted G co for each N r . As expected, G co increases with increasing N r , as shown in Figure 6 . Therefore, we conclude that for solution-processed MAPI, N r ≈ 10 15 cm -3 (shown in black in Figure 6 ), but for e-MAPI (red), N r ≈ 10 13 cm -3 . This result implies a significantly lower density of defects that serve as recombination centers in e-MAPI than in solution-processed MAPI. The question that arises next is, if indeed this is the case, why are the diffusion lengths (i.e., the products) of both films similar, as shown in Figure 5a , because, from Figure 6 we would expect the diffusion lengths in the e-MAPI to be higher than those in the MAPI. We suggest that the reason for that the products of both films are similar, is a combination of:
-aOn the one hand, a lower N r should yield a larger ;
-bOn the other hand, stronger PL yield under 1-sun conditions will result in more e-h pairs undergoing radiative recombination, for the e-MAPI film (and, thus, will not contribute to phototransport, which is what is measured in the SSPG and PC) than in MAPI films. The reason is, as explained above, that band-to-band radiative recombination dominates in the e-MAPI, because, as shown in Figure 5a , and simulated in Figure 4 , regime 5 is the relevant one for the e-MAPI films under 1 sun conditions, and in that regime >50% of the e-h pairs undergo radiative recombination, compared to < 5% for MAPI films 36 .
IV. Conclusions
While there is a large spread of reported values of mobilities and diffusion lengths, using pulsed methods, especially for the MAPI, we find that this spread is not only due to the variability in sample quality and preparation conditions, but also to the interpretation of results that were obtained by different techniques that are used in the measurements. This is in particular due to the different excitation conditions, which vary between the various pulsed methods and can differ greatly in terms of equivalent intensity (and generation rate) from the steady-state ones.
The latter realization of the wide differences calls for an attempt to evaluate the information that is derived by the various techniques, which is frequently contradictory and thus not amenable for the determination of the phototransport parameters. A conspicuous example is the attempt to use information, obtained with high-power short-time excitation pulses to derive parameters relevant to steady-state operation that occurs at much lower excitation power. We therefore revisited pulsed excitations, taking into account the lifetime of the charge carriers and the generation rate equivalents of those to the steady-state excitation conditions. To do that we suggested a simple calibration for the comparison of the two types of excitations. To see then the benefits of this calibration we applied a simple model with a single recombination center, which is found to explain well the photophysical properties related to electronic charge transport in different HaP absorber materials. Using that model and mapping the pulse excitation intensity on the steady-state power scale, we compared between our experimental results, obtained by pulsed and steady-state excitation measurements on polycrystalline films, prepared in different laboratories via different preparation routes. We found a relatively good agreement between TRMC and steady-state measurements. However, we also found that depending on the studied HaP sample, 2 nd order processes, such as bi-molecular radiative recombination, may be the dominant processes contributing to the observed signal in TRPL measurements, yet they are not necessarily relevant for the standard operating conditions of the HaP as absorbers in solar cell devices. We further suggest that experimental determination of the exact dominant recombination mechanism in HaP materials should include measurements of both the majority and minority carrier` phototransport properties and that these should be carried out under illumination conditions that are as close as possible to 1 sun, preferably with some intensity vari-ation to allow the determination of the carrier generation regime at which the data were obtained.
